Local charge and spin currents in magnetothermal landscapes 
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A scannable laser beam is used to generate local thermal gradients in metallic (Co2FeAl) or insu- 
lating (Y3Fe50i2) ferromagnetic thin films. We study the resulting local charge and spin currents 
that arise due to the anomalous Nernst effect (ANE) and the spin Seebeck effect (SSE), respectively. 
In the local ANE experiments, we detect the voltage in the Co2FeAl thin film plane as a function of 
the laser spot position and external magnetic field magnitude and orientation. The local SSE effect 
is detected in a similar fashion by exploiting the inverse spin Hall effect in a Ft layer deposited on 
top of the Y3Fe50i2. Our findings establish local thermal spin and charge current generation as 
well as spin caloritronic domain imaging. 



Spin caloritronic effects have been extensively studied 
using integral (homogeneous) thermal gradients P, 
In ferromagnetic conductors exposed to a thermal gradi- 
ent in the Nernst geometry, one observes the anomalous 
Nernst effect (ANE) , which describes the occurrence of an 
electric field £^ane oc ~M x VT, perpendicular to both, 
the temperature gradient VT and the magnetization M . 
The anomalous Nernst effect has been studied in a vari- 
ety of ferromagnetic thin film metals 0] , oxides H, ^ , 
spinels 1,10 and diluted magnetic semiconductors [8[. 
In analogy to charge-based caloritronic effects, the re- 
cently discovered spin Seebeck effect (SSE) [§] describes 
the generation of a spin current Js parallel to an ap- 
plied temperature gradient VT in ferromagnetic materi- 
als. Js can be detected all electrically by exploiting the 
inverse spin Hall effect [Hi in a normal metal (N) 
deposited on top of the ferromagnet (FM). In the lon- 
gitudinal spin Seebeck configuration |12| . VT is applied 
along the FM/N hybrid normal, resulting in an electric 
field £^isHE oc Jg X or. Here, cr || M is the spin polar- 
ization, such that the symmetry of the SSE is identical 
to the ANE with respect to M and VT. Spin Seebeck 
measurements have been carried out in ferrornagnetic 
metals 0, [l^l , diluted magnetic semiconductors [l^ a-nd 
magnetic insulators [isj . The interplay of spins and tem- 
perature leads to further intriguing effects such as the 
spin Peltier effect 0, [13 , thermal spin torque [H, [l^ , 
or thermally driven spin injection (20. [2]|. However, in 
all spin caloritronic experiments mentioned above, ho- 
mogeneous temperature gradients were applied. In or- 
der to establish the interplay between temperature gradi- 
ents and spin degrees of freedom also on the length scale 
of the magnetic microstructure, temperature gradients 
changing on such length scales are mandatory. Here, we 
therefore use a focussed, scanning laser beam to gener- 
ate a local temperature gradient perpendicular to a thin 
film sample plane, and perform a spatially resolved study 
of the resulting spin caloritronic effects. Our findings 



demonstrate that spatially confined thermal gradients al- 
low for the generation of local, bipolar and magnetically 
controllable electric fields or spin currents that can be 
used to, e.g., electrically image the magnetic microstruc- 
ture in ferromagnetic metals and insulators. 

In these spatially resolved experiments, the local 
anomalous Nernst effect in a conductive ferromagnetic 
thin film results in an electric field 



EANE{x,y) = -NfioM{x,y) x VT{x,y) 



(1) 



at position (.t, y) with the Nernst coefficient A^. In sam- 
ples consisting of a ferromagnetic insulator/normal metal 
bilaycr exposed to a local temperature gradient, the spin 
Seebeck and inverse spin Hall effect yield a local electric 
field 



£^iSHE(a;, y) = -ScT{x,y) x VT{x,y) 



(2) 
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defined analogous to the integral expression found in 
Ref. with the phenomenological spin Seebeck coeffi- 
cient S and the spin polarization vector cr ~ M /Ms, with 
the saturation magnetization Ms . Comparing Eq. ([1]) and 
Eq. ([2|), it is evident that £^ane and Ejshe bear identi- 
cal symmetry. Hence both, Ej^-^^{x,y) and Eigii^{x,y) 
can be detected in an identical fashion, enabling a spa- 
tially resolved investigation of charge and spin currents 
in a magnetothermal experiment. It is important to note 
that EANE{x,y) and £^isHE(a;,y) are local electric fields, 
determined by the magnetic properties and temperature 
gradient at position {x,y). In conductive ferromagnets 
with Af 7^ 0, a spatially confined VT{x, y) will thus evoke 
a local £^ANE(a;, y). Its magnitude and polarity are con- 
trollable in situ by manipulating M(x,y). Vice versa, 
Eane{x, y) can be used to electrically read out the mag- 
netization M{x, y) with full 360° confidence, i.e., to elec- 
trically image the magnetic microstructure by scanning 
VT{x, y) across the sample. Identical considerations ap- 
ply in magnetic insulator / normal metal bilayers where 
EisiiE{x,y) is generated in the presence of a tempera- 
ture gradient. £?isHE(a;, J/) is, however, caused by a local 
spin current Js{x, y). Hence the detection of EisYm{x, y) 
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FIG. 1. (a) The scannable laser beam generates a local tem- 
perature gradient VT normal to the ferromagnetic thin film 
plane. The dc voltage Vane which arises due to the anoma- 
lous Nernst effect depends on the local magnetization M at 
the position {x, y) of the laser beam. All investigated samples 
are patterned into 80 vim wide and 900 fim long Hall bars with 
contacts labeled as sketched, (b) Vane determined between 
contacts 2 and 4 as a function of the laser-spot position [x, y) 
and the external magnetic field magnitude po-ff in a 50 nm 
thick CoaFeAl (CPA) film. 



not only allows to electrically detect magnetic texture 
in a ferromagnetic insulator, but even enables a spatial 
mapping of spin currents. 

We first demonstrate magnetotliermal domain imaging 
in a conductive ferromagnetic thin film via the anomalous 
Nernst effect. To this end, the setup depicted schemat- 
ically in Fig. [TJa) is used (for details, see Appendix A). 
It is operated at room temperature for all measurements 
discussed in this work. The light beam emitted by a 
laser diode is coupled into an optical fiber and focussed 
onto the sample surface at position [x, y) by means of 
a scannable collimator. Since the sample at least par- 
tially absorbs the laser light, its intensity and thus the 



energy deposited decrease as a function of depth. Hence, 
the energy absorption profile of the laser beam into the 
film thickness gives rise to a thermal gradient VzT(a;,y) 
perpendicular to the sample plane, laterally confined to 
a region around the position (x, y) of the laser spot [2^ . 
This thermal gradient gives rise to a local electric field 
-E'ANE(a;,y) (cf. Eq. ([T])). Temperature gradients within 
the sample plane arc radially symmetric and their contri- 
butions to magnetothermal effects thus cancel out. We 
use a ferromagnetic Co2FeAl thin film deposited on a 
MgO substrate (see Appendix A). The film is patterned 
into the Hall bar geometry shown in Fig.[T](a). The mag- 
netic microstructure of this particular sample is known 
from magneto-optical Kerr effect measurements [l^l ■ 

Figure (Hb) shows the dc voltage Vane recorded be- 
tween the contacts 2 and 4 which are separated by ap- 
proximately 460 |xm. For each value of the in-plane mag- 
netic field ji^H applied at an angle a = 90° to the x 
axis, we scanned the laser beam over the central Hall bar 
area and recorded Vane (a;, y) as a function of the laser 
spot position (x, y). The small full rectangles indicate 
the location of the used electric contacts and the dashed 
rectangle depicts the region on the main Hall bar enclosed 
by said contacts. At iiqH = — 15mT {H \\ —y as indi- 
cated by the solid arrow to the left) we observe a voltage 
Vane ~ — 150nV in the Hall bar region independent of 
the laser spot position {x,y). We attribute Vane oc 
to the anomalous Nernst effect defined in Eq. ([T]). At 
PlqH = — 15mT the film is in magnetic saturation with 
M II if as shown later. Hence, no magnetic microstruc- 
ture is present and Vane (a;, v) does not change as a func- 
tion of X and y. As the magnetic field magnitude is de- 
creased to jJLoH — — 1.4mT, magnetic domain formation 
is evident from the Vane map and at ijlqH = +0.2 mT 
Vane vanishes in the major part of the Hall bar, in- 
dicating that M is oriented (anti-)parallel to x, such 
that (M X VT) - x ^ 0. Note that Co2FeAl has cubic 
magnetic anisotropy. As a consequence, the magnetic 
reversal proceeds via two 90° switches [23|. Upon in- 
creasing the external magnetic field to ^qH = +3.8 mT, 
domains exhibiting Vane > become visible. In mag- 
netic saturation at ^qH = +15 mT, Vane ~ +150 nV 
in the entire Hall bar region. The sign reversal of Vane 
with the reversal of the direction of H (and thus M) 
is a clear indication that the observed Vane indeed is 
caused by a term VT x M, which allows to rule out 
all field-symmetric thermopowcr effects as the cause of 
the observed voltage. This is completely analogous to 
the Nernst signal in the mixed state of superconductors 
which changes sign upon switching the direction of the 
fiux lines 12J]. Furthermore, Vane is a local voltage as 
can be seen by the fact that Vane {x < 50 |xm, y) = and 
Vane (a; > 550 |i.m, y) = 0. For these x, the laser still im- 
pinges on the main Hall bar, it is however on cither side 
of both contacts, rendering them at identical electrical 
potential (see Appendix C). 

We now turn to the generation and detection of lo- 
cal spin currents via the longitudinal spin Seebeck effect 
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FIG. 2. (a) Sample schematics of GGG/YIG/Pt sample. The 
spin Seebeck effect yields a pure, local spin current Js along 
VT in YIG. Js depends on the local magnetization M{x,y) 
and is detected using the inverse spin Hall effect in Pt, which 
gives rise to a dc voltage VisHE. (b) V^ishe determined between 
contacts A and B as a function of the laser-spot position (a::, y) 
and the external magnetic field magnitude /loH applied along 
y in a 10 nm YIG / 7 nm Pt hybrid sample. 



in a ferromagnetic insulator exposed to magnetothcrmal 
landscapes. We employ a 10 nm thick Y3Fe50i2 (YIG) 
film grown onto on a Gd3Ga50i2 (GGG) substrate (see 
Appendix A). The YIG thin film was covered in situ by 
a 7 nm thick Pt film to take advantage of the inverse spin 
Hall effect for an all electrical detection of local spin cur- 
rents. The YIG/Pt hybrid was patterned into the same 
Hall bar geometry as the C02FCAI sample. A schematic 
view of the sample and setup (which is identical to that 
used for the ANE measurements) is shown in Fig. ^a) . 
Upon application of a temperature gradient along the hy- 
brid normal, the longitudinal SSE [1^ yields a pure spin 
current Jg in the YIG film parallel to VT which can be 
detected by exploiting the inverse spin Hall effect in the 
Pt layer. Note that YIG is an electrical insulator, such 
that it does not show an anomalous Ncrnst effect. The 



Pt layer serves not only as a spin current detector but 
furthermore as an optical absorber of the laser light. 

In Fig. mb) we present a spatially resolved measure- 
ment of yisHE = Va-b as a function of H. Figure [2Ib) 
thus represents a map of magnetic domains in the ferro- 
magnetic insulator YIG, detected by local electric fields 
in a Pt layer deposited on top. At fj,oH = ±100 mT (top 
and bottom panel) the YIG thin film is in a single domain 
state with M \\ H. As H is applied along y, we can ob- 
serve EisHE along x by probing Vishe (cf. Eq. As 
we used contacts A and B for recording Vishe, the laser 
spot position is located between the used contacts for all 
values of x in Fig.[2I^b). For all values of y where the laser 
impinges on the 80 |xm wide Hall bar, Vishe = +640 nV 
in magnetic saturation with iiqH = +100 mT. Mag- 
netic texture can be observed during the magnetic field 
sweep in the images recorded with ^qH = +8.2 mT to 
HoH = -12.4 mT (middle panels). As our YIG (111) 
films show only very small magnetic anisotropy in the 
film plane the magnetic domain pattern is more complex 
than that observed in Co2FeAl. We note that - while 
our YIG thin films are electrically insulating - magneto- 
transport measurements on our YIG/Pt samples showed 
an anisotropic magnetoresistance AR/R « 7 x 10"''' (see 
Appendix D) attributed to induced ma gne tic moments in 
the Pt thin film close to the interface [23. An interpre- 
tation of VisHE on the basis of Ncrnst effects in Pt would 
require implausible Nernst coefficients (see Appendix D). 
We thus attribute the magnetothcrmal voltage observed 
to the longitudinal SSE. 

To quantitatively compare our spatially resolved mag- 
netothcrmal voltages with the known integral proper- 
ties, we average Vane and VisHE within the illuminated 
regions. Such integral measurements are presented in 
Fig. [21 where the insets depict the regions of interest 
(ROI) used for averaging. In Fig.[3ja), Vane in Co2FeAl 
is shown as a function of the external magnetic field mag- 
nitude fioH for three different orientations a of the exter- 
nal magnetic field in the plane of the film. For a = 90° 
(circles), we observe a double step switching behavior 
indicating cubic magnetic anisotropy. For large H ap- 
plied at a = 90°, M is oriented perpendicular to the 
main Hall bar. Hence, the generated electric field E 
is parallel to the main Hall bar and can be probed by 
the potential difference between the used contacts. For 
a = 45°, Vane is smaller, as only the projection of E 
on the X direction is probed. Furthermore, at this value 
of a, H is oriented along a magnetically hard axis of 
the Co2FeAl film, so hysteresis is minimal. Finally, for 
a = 0°, Vane vanishes because E is generated along 
the y-direction and thus cannot be detected by voltage 
contacts aligned along the x direction. The evolution of 
Vane as a function of H orientation is shown in more de- 
tail in Fig.[3I^b), where Vane data recorded during a rota- 
tion of ^qH ~ 100 mT within the film plane are depicted 
(squares). A dependence Vane sin(a) is observed in 
agreement with the cross product found in Eq. ([T|). In 
an analogous experiment with ^j-qH = 20 mT, a similar 
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FIG. 3. (a) Averaged Vane in Co2FeAl using the region of 
interest and contacts shown in the inset as a function of fioH 
for a £ {0°,45°,90°} (triangles, squares, circles), (b) Sine 
like angular dependency of Vane on a at fioH = 100 mT 
(squares). At /loH = 20 mT (circles), the abrupt M switch- 
ing across the magnetically hard axes (45° and 135°) becomes 
visible as steps in Vane, (c) Averaged V^she in YIG/Pt 
within the main Hall bar region as a function of fioH for 
a £ {0°,90°} (triangles, circles), (d) Vishe as a function of a 
(symbols). The solid curve is a fit to sin(Q) showing excellent 
agreement with data. 



behavior is found (circles). However, at the four magnet- 
ically hard axes along 45°, 135°, 225° and 315° the mag- 
netization switches abruptly, as evident from the steps in 
Vane at these orientations. This shows that the anoma- 
lous Nernst effect measurements can be used to probe 
magnetic anisotropy in the same fashion as in angular de- 
pendent magneto resistance ( ADMR) measurements [1^ , 
but with spatial resolution. 

Figure [Sjc) shows Va-b = Vishe oc -Eishe obtained in 
the YIG/Pt bilayer function of the external mag- 
netic field for a = 90° (circles) and a = 0° (triangles). 
As expected from Eq. and following the same line 
of arguments as for Vane, we observe an antisymmetric 
Vishe vs. H behavior for a = 90° while for a = 0°, Vishe 
vanishes for large values of H. In Fig. [2Jd) we present 
V:sHE data as a function of a (symbols) recorded with 
fioH = 100 mT together with a fit to sin(a) (line). The 
excellent agreement between fit and data corroborates 
the cross product in Eq. Thus, by exploiting the 

SSE it is possible to perform spatially resolved ADMR- 
like measurements in magnetic insulators. 

Upon calculating the temperature gradient VT evoked 



by the laser heating, we can quantify the anomalous 
Nernst coefficient N and the spin Seebeck coefficient S 
of the investigated samples. For Co2FeAl, such a quanti- 
tative evaluation is not straightforward, since neither the 
optical properties nor the Nernst coefficient have been re- 
ported. We thus performed further Vane measurements 
in a Ni thin film sample (see Appendix C). For Ni, we 
calculated VT = — 1.4K/|j.m (see Appendix B). Using 
a saturation magnetization Mg = 370kA/m obtained 
by SQUID magnetometry and the experimentally 
measured E = 87mV/m (see Appendix C), we obtain 
the Nernst coefficient Nm « 1-3 x IQ-'^V/KT which is 
lower than values Nm « 5 x 10~'^V/KT found for bulk 
Ni [25 at room temperature. A comparable reduction 
of a caloritronic property with respect to bulk material 
was recently reported for the Seebeck coefficient in Ni 
thin films |29[. Assuming comparable optical and ther- 
mal properties for C02FCAI and thus VT = — 1.4K/|j.m 
in a 80 nm thick Co2FeAl sample with Ms ~ 1050 kA/m 
obtained by SQUID magnetometry, we estimate Nqfa ~ 
9.5 X 10~^ V/KT. We now turn to the longitudinal spin 
Seebeck coefficient of the YIG/Pt bilayer. Using a cal- 
culated mean temperature gradient of VT = — 8.7K/|xm 
(see Appendix B) in the YIG thin film, we obtain a spin 
Seebeck coefficient = 5.9 x lO^^V/K, compared to 
S" = 1 X lO-'^V/K found in 'l^. We assume that the 
small difference in S is due to different interfaces of Pt 
and YIG as well as different Pt thicknesses. Taken to- 
gether, the above results show that, by exploiting the lon- 
gitudinal SSE in a magnctothermal landscape, a deter- 
mination of the magnetic microstructure by means of an 
integral voltage measurement is possible even in a ferro- 
magnetic insulator. Furthermore, the spatially resolved 
SSE and ANE open an avenue for the local generation 
of pure spin or bipolar charge currents with magnetically 
selectable (spin) polarization. 



In conclusion, our results show that spatially resolved 
spin caloritronics are a viable path for the use of heat 
landscapes in spintronic applications. In conductive fer- 
romagnetic thin films, we demonstrated that a spatially 
confined thermal gradient allows for the generation of 
a local, magnetically controllable, electric field via the 
anomalous Nernst effect. Our results furthermore sug- 
gest that in magnetic insulator/normal metal hybrids, a 
spatially confined temperature gradient gives rise to lo- 
cal, pure spin currents with magnetically selectable spin 
polarization due to the longitudinal spin Seebeck effect. 
This opens exciting perspectives for the generation and 
use of pure spin currents, both in basic research and in 
applications. 
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FIG. 4. Calculated temperature profile (solid line, left scale) 
and gradient (dotted line, right scale) in a Pt (7nm) on YIG 
(10 nm) / GGG (1mm) sample in the direction of the film 
normal z for an incident laser power P — 9 mW and a gaus- 
sian laser profile with a diameter of 10 [im. The gradient in 
the YIG film at the YIG/Pt interface along z amounts to 
-8.7K/nm. 
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Appendix A: Experimental setup and sample 
preparation 

A laser diode with A = 658 nm and Pq ~ 40 mW 
was coupled into a single-mode optical fiber which ter- 
minated in a fiber collimator and was focused with a 
/ = 11mm lens onto the sample surface. The laser 
spot size was diffraction limited at 10 [t.m and all laser 
powers mentioned in the main text were measured di- 
rectly at the sample position. The fiber collimator was 
mounted in a motorized xyz flexure stage, allowing for 
SD-positioning in a travel range of 4 mm with a repeat- 
able accuracy of 500 nm. An optical chopper operated 
at I' = 817 — 853 Hz and lock-in detection using the 
differential input of a Stanford Research SR830 instru- 
ment was used to record Vane and Vishe- The magnetic 
field hqH < 100 mT was provided by a 2D vector mag- 
net at any orientation a within the sample plane. The 
Co2FeAl thin films were prepared as described in , the 
Y3Fe50i2 (111) thin films were prepared using pulsed 
laser deposition on Gd3Ga50i2 substrates, the Pt was 
deposited using electron beam evaporation. The Hall 
bar was defined in a photolithography / etching process. 
The polycrystallinc Ni film was prepared by photolithog- 
raphy and electron beam evaporation on a 1 mm thick 
MgO substrate followed by a lift-off process to define the 
Hall bar geometry. 



Appendix B: Thermal landscape generation 

In order to quantitatively determine either the Nernst 
coefficient N or the longitudinal spin Seebeck coefficient 
S using the setup described in the main text, a quan- 
titative knowledge of the temperature gradient driving 
the magnetothermal voltages Vane and Vishe is essen- 
tial. The temperature gradient induced by a laser beam 
with Gaussian profile impinging on a multilayered sample 
can be calculated analytically as shown by Rcichling and 
Gronbeck . Since not all required material parameters 
arc known for Co2FeAl, we carried out the calculation for 



FIG. 5. (a) Calculated temperature profile (solid line, left 
scale) and temperature gradient (dotted line, right scale) in 
a Ni (80 nm) on MgO (1mm) sample in the direction of the 
film normal z for an incident laser power P = 9mW and a 
gaussian laser profile with a diameter of 10 \im. The mean 
gradient in the Ni film along z amounts to — 1.4K/(j.m. (b) 
The radially symmetric temperature profile in the Ni film as 
a function of depth z and radial coordinate r. (c) Vane scales 
linearly with laser power (symbols are measured data). 

MgO/Ni and GGG/YIG/Pt. 

For the determination of S we calculated the tempera- 
ture gradient in the GGG/YIG/Pt sample following the 
approach in . The result of the calculation for a laser 
chopping frequency of 853 Hz and an incident laser power 
P = 9 mW is shown in Fig. |4l We plot T as a function 
of the position z along the film normal at the center of 
the laser beam (left scale), with z < corresponding to 
positions within the sample. The right scale shows the 
temperature gradient VT(z). We assumed identical ther- 
mal and optical properties of YIG and GGG and used 
the following material parameters: apt = 82 x 10^ /m 
and ayiG = for the absorption coefficients, Rpt = 
0.68 and i?YiG = 0.08587 for the refiectivities. For 
the thermal properties we used KAir = 0.02 W/Km, 
Kpt = 71.6 W/Km and kyig = 7 W/Km for the 
thermal conductivities and CAir = lOOOJ/kgK, cpt = 
130J/kgK and cyig ~ 570J/kgK for the heat capaci- 
ties. Finally, pAir = 1.2kg/m'^, ppt = 21450 kg/m^ and 
Pyig = 5245 kg/m"^ were taken as the respective densi- 
ties. We obtain a temperature gradient of approximately 
Vr = -8.7K/|j.m in the YIG close to the Pt interface. 
In the Pt layer, the mean temperature gradient amounts 
to VT = -0.6K/^m. 

For the determination of we calculated the tem- 
perature profile considering a 80 nm thick Ni film on a 
1 mm thick MgO substrate. We used the following ma- 
terial parameters: aNi = 73 x 10^ /m and OMgO = for 
the absorption coefficients, i?Ni = 0.66071 and i?MgO = 
0.071970 for the reflectivities, with values taken from 
Ref. [m at A = 658 nm. For the thermal properties 
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we used KAir = 0.02 W/Km [33, kni = 90W/Kni [33| 
and KMgO = 53 W/Km [s^ for the thermal conductiv- 
ities and CAir = lOOOJ/kgK [H, cni = 439J/kgK [s^ 
and CMgO ~ 960J/kgK [331 the heat capacities. Fi- 
naUy, pAir = 1.2kg/m3, pm = 8900 kg/m^ and pMgO = 
3580 kg/m^ were taken as the respective densities. The 
calculated temperature T, considering the same laser 
beam profile as above with d = 10 |J.m diameter, a laser 
power of P ™ 9 mW and a chopping frequency of 817 Hz 
are shown in Fig. [5l^a). The temperature gradient VT 
along z (right scale) is in average — 1.4K/|j.m in the Ni 
thin film. Figure [5l^b) shows the temperature in the Ni 
film as a function of z and the radial coordinate r, with 
r = corresponding to the center of the laser beam. 
The temperature gradient along z is roughly one order 
of magnitude higher than that along r. Furthermore, 
as the lateral temperature gradient is radially symmet- 
ric, its contributions to the conventional Seebeck effect 
cancel out and thus need not to be considered in the 
interpretation of data presented here. 

Both, the ANE and the SSE scale linearly with the 
temperature gradient (cf. Eq. ([1]) and ([5])). We experi- 
mentally checked the dependence of the effects on the in- 
cident laser power which again is proportional to VT . 
Fig. [njc) shows Vane measured in a sample featuring a 
50 nm thick Co2FeAl film deposited on MgO substrate 
as a function of laser power P, with illumination on the 
central part of the main Hall bar in between the used 
contacts 2 and 4, and the magnetic field applied perpen- 
dicular to the main Hall bar. We observe the expected 
linear dependence of Vane on P . 

These calculations show that a scannablc, focussed 
laser beam impinging on either ferromagnet or ferromag- 
net/normal metal thin film samples can be used for a 
controllable thermal landscape generation with substan- 
tial, laterally confined, temperature gradients along the 
sample normal. 



Appendix C: Magnetocaloritronics in other 
materials and geometries 

To demonstrate the general nature of spin caloritron- 
ics, we carried out magnetocaloritronic measurements in 
a set of further samples. We observed Vane in thin 
films of all three elemental ferromagnets, iron, cobalt 
and nickel and recorded V^she in a further GGG/YIG/Pt 
sample. Exemplarily, in Fig. [Ua) we compare data ob- 
tained at an incident laser power P = 9 mW and a H 
orientation a = 90° in a 80 nm thick Ni film with data 
obtained in a 80 nm thick Co2FeAl sample, both pat- 
terned into the Hall bar geometry already introduced in 
Fig. [Din the main text. The data correspond to Vane av- 
eraged for illumination within a region of interest (ROI) 
on the main Hall bar as indicated by the inset. While 
the shapes of the Vane hysteresis loops reflect the thin 
films' respective magnetic anisotropy, the magnitude of 
Vane is approximately twice as large in the Co2FeAl thin 
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FIG. 6. (a) Vane = Va-b averaged within the region indi- 
cated in the inset as a function of [iqH in two further samples, 
(b) Vane as a function of q for illumination on the 80 (i.m wide 
central Hall bar (solid symbols) and for illumination on the 
20 Jim wide contact line (open symbols), (c) Equivalent cir- 
cuits of the main Hall bar (dark shading) and contact line 
(light shading) with parallel resistors and ideal voltage source 
at the laser spot position (solid circle). 



film. This is attributed mainly to the larger saturation 
magnetization A/g = 1050 kA/m of Co2FeAl as opposed 
to Ms = 370 kA/m in Ni. 

In the main text, Eqs. (1) and (2) describe the gener- 
ation of a local magnetothermal electric field. This elec- 
tric field is experimentally probed by an integral voltage 
measurement which depends on sample geometry. Ex- 
emplarily we here show the dependence of Vane on Hall 
bar width and orientation. To this end, we measured 
Vane simultaneously at two contact pairs on the 80 nm 
thick G02FCAI film sample as a function of a. We used 
the orthogonal contact pairs A and B as well as 3 and 
6 to obtain Va-b and Va-e, respectively. The results 
arc presented in Fig. EUb) and correspond to the mea- 
surement of the projection of E to the x and y axis, 
respectively. The data are again averaged for illumina- 
tion within the corresponding ROIs indicated in the in- 
set in Fig. [HKb). While Va-b cx sin(a) (closed symbols), 
Vs-e oc — cos(a) (open symbols). This angular depen- 
dency of Vane again corroborates Eq. ([T]) . Turning to the 
Vane magnitude in Fig. [61(b) , we find that the magnitude 
of V3_6(" = 180°) is exactly four times the magnitude 
of VA_B(a = 90°). The Hall bar width w in the region 
probed by Va_b (dark shading) was 80 ixm, while that 
in the region probed by Vs-g (light shading) was 20 |J.m. 
The voltage V observed in magnetocaloritronic experi- 
ments thus scales with w^^ . This can be understood in a 
simple model considering the magnetothermal generation 
of a local electromagnetic force at the laser spot position 
shunted by the unperturbed (non-illuminated) Hall bar 



FIG. 7. Vane at +3.8 mT in a sample with a 50 nm thick 
Co2FeAl film for three diflferent sets of contacts. Vane van- 
ishes for illumination on either side of both contacts. Mag- 
netic microstructure and Vane magnitude is independent of 
the contact pair used. 



cross-section as illustrated in Fig. Eljc). We assume the 
locally generated voltage Vs = E ■ d to he homogeneous 
within the laser spot width d = 10 |J.m for simplicity. The 
Hall bar resistance is then modeled by a series of parallel 
resistances, at the position of one of which 14 is gener- 
ated. The detected voltage V thus is: 

V = -Vs. (CI) 

■w 

This expression is, in particular, independent of the re- 
sistivity of the thin film (the resistance R of all resistors 
sketched in Fig. |6Kc) and of Hall bar length. The mag- 
nitude of V for a given thermal landscape is inversely 
proportional to the structure width w. As V increases 
with decreasing structure size, the technique described 
in this work is thus particularly applicable to micro- or 
nanoscale devices. Using Eq. (|C1|) . we can now calcu- 
late the electric fields generated in our measurements. 
For the ANE measurements in Ni we obtain Eane = 
Vs/d = ^-Vane = 87mV/m with Vane ~ 109 nV 
taken from Fig. [61(a). Accordingly, for Co2FeAl we obtain 
^^ANE = 176mV/m (cf. Fig. UKa)). For the Vishe mea- 
surements, identical considerations apply and we obtain 
i^iSHE = f • ^ishe = 512mV/m (cf. Fig.©. 

The magnitude of the observed magnetothermal volt- 
age is expected to be independent on Hall bar length or 
contact separation. This is demonstrated using the sam- 
ple already investigated in Fig.[TJ Here, Fig.[7]shows data 
obtained via three simultaneous Vane measurements us- 
ing three different sets of contacts at constant magnetic 
field ^qH = -1-3.8 mT. The top panel (contacts 2 and 4) 
is identical to that shown in Fig. [T] for ^qH = -1-3.8 mT. 
The second (contacts 7 and 6 - middle panel) and third 
(contacts 6 and 5 - bottom panel) set of contacts are both 
located on the side of the main Hall bar opposite to the 
first contact pair and are separated by 230 |xm. Clearly, 
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FIG. 8. (a) ADMR measurement of piong (left scale, open 
squares) and ptrans (right scale, solid circles) with hqH — 
100 mT reveals an AMR of Ap/p 7 x lO""*. (b) piong as a 
function of H for a = 90° (open circles) and a = 0° (solid 
squares) shows coercive fields identical to YIG. 

Vane is finite only if the laser beam and thus the ver- 
tical temperature gradient is positioned within the area 
enclosed by the used contacts. In any case, the observed 
magnetic microstructure and the magnitude of Vane are 
independent of the selected contact pair. These obser- 
vations provide clear evidence that the electric field is 
generated only locally at the laser spot position, since 
Vane does not depend on the contact separation. 



Appendix D: Magnetotransport in YIG/Pt 

We measured the resistivity of GGG/YIG/Pt samples 
as a function of the external magnetic field strength and 
orientation. Our pure YIG films (GGG/YIG(10 nm)) 
are electrically insulating with a resistivity in excess 
of 20 ilm. However, the electrical resistivity of the 
YIG/Pt sample is dependent on the external magnetic 
field. We determined Vi_4 (longitudinal voltage) and 
Vs-e (transversal voltage) in a 4 point magnetotransport 
measurement with currents Ia-b ranging from 0.1mA 
to 2 mA. The calculated resistivities piong and ptrans ob- 
tained in a measurement with 1=1 mA along contacts 
A-B arc shown as a function of magnetic field orientation 
(ADMR measurement [2^) in Fig. [SKa). Clearly, piong oc 
cos^(q!) (open symbols, left scale) and ptrans sin(2a) 
(solid symbols, right scale) indicative of anisotropic mag- 
netoresistance (AMR) [38[. Furthermore, as shown in 
Fig. mb), Piong shows switching fields coinciding with 
the coercive field fioHc ~ 10 mT of our YIG thin film. 
In accordance to the expectations for AMR, the switch- 
ing changes direction under a rotation of H of 90° . This 
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can be observed in Fig. [IJb) where the curve recorded 
for a = 0° appears reflected along the horizontal axis 
with respect to the curve obtained ai a ~ 90° . The total 
AMR amounts to Ap/piong « 7 x 10~^, about a factor of 
10 lower than usually observed in elemental conductive 
ferromagnets [s^ . The AMR ratio was independent of / 
in the range of 0.1mA < / < 2 mA, ruling out thermo- 
electric effects due to Joule heating as the cause of the 
magnetoresistance. We attribute the magnetoresistance 
to induced magnetic moments in the Pt layer close to the 
YIG/Pt interface. This proximity effect is expected for 
clean interfaces within the first few monolayers (« 1 nm) 
of Pt [1^ 113, explaining the small AMR. Because of 
the identical symmetry of the longitudinal SSE and the 
ANE, one needs to consider a possible contribution of 
the magnetized Pt to an ANE. Assuming that the en- 
tire Pt layer is magnetized with a magnetization identical 
to YIG, (Mjic; = 127kA/m obtained by SQUID mag- 
netometry), and using the calculated mean temperature 
gradient in the Pt film, VT = -0.6K/^m (cf. Fig. 15), 
an anomalous Nernst coefficient A'pt = 5.3 x 10~^ V/KT 
needs to be assumed to explain Vishe = 640 nV (cf. 
Fig. [3]) based on an ANE in magnetized Pt alone. This 
coefficient is more than one order of magnitude larger 



than the ANE coefficient of Ni and Co2FeAl even with 
the unrealistic assumption of an entirely magnetized Pt 
film. Furthermore this Nernst coefficient would be two 
orders of magnitude larger than the Nernst coefficient of 
Pt, iVpt = 1.3 X 10-8 V/KT [13, ruling out a Nernst ef- 
fect in the Pt layer in the stray field of the YIG thin 
film as the origin of Vishe- Assuming A'pt = A'ni = 
1.3 X lO-'^V/KT and that only half of the Pt film is 
magnetized to IvQ^^ and with VT = — 0.7K/|j.m av- 
eraged in the first 3.5 nm of Pt at the YIG interface, we 
can calculate the expected maximum voltage due to an 
ANE as Vane ^ 9nV for the YIG/Pt measurement, as 
opposed to lisHE ~ 640 nV measured. Hence, we con- 
clude that Nernst effects due to the proximity effect in 
Pt arc at most a small contribution (< 2%) to Vishe and 
wc thus attribute V^she to the longitudinal spin Seebeck 
effect. This is furthermore supported by the calculated 
spin Seebeck coefficient S = 5.9 x 10~8V/K which is in 
accordance to literature. Further studies of proximity ef- 
fects in Pt/ferromagnet samples are however mandatory 
for a full quantitative understanding of spin Seebeck ef- 
fects detected via the inverse spin Hall effect, as even 
in the conventional spin Seebeck geometry spurious tem- 
perature gradients exist and are known to give rise to 
anomalous Nernst effects [T3| . 
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